Quantitative electron microscopy has been utilized successfully to determine the intracellular effects of heavy metals on phytoplankton (Sicko-Goad and Stoermer 1979; Sicko-Goad 1982; Rachlin el aI. 1982 Rachlin el aI. , 1984 . The method is especially powerful when used with natural phytoplankton assemblages, because it facilitates the determination of species-specific effects at very low concentrations in the mixed assemblage which may consist of several hundred algal species. Although the technique may be limited by the ability to successfully distinguish individual species in thin section by distinctive cytological or cell wall features (Sicko-Goad 1982) , it does allow assessment of stress effects on single species in the natural environment.
A variety of environmental parameters as well as physiological conditions are known to either mitigate or amplify the effects of metals on phytoplankton. For example, pH, temperature, the presence of chelators or concentration of nutrients may affect metal toxicity by reducing free ion activity of metals (e.g., Rabsch and ElbrS.chter 1980; Thomas et al. I980b; Gipps and CoIler 1980 Hallas el at. 1982 : Crist et al. 1981 Ahlf el al. 1980; Harding and Whitton 1977; Allen et at. 1980; Davies 1978; Gadd and Griffiths 1978) . Similarly, these environmental conditions may also affect the physiological responses of the plankton by producing growth co~.ditions which are non-optimal and it is reasonable to suspect that the recent past growth history of the cell as well as life cycle stage may also play an important role in the expression of metal effects. Lead toxicity effects may be related to phosphate nutrient status. Koeppe and Miller (t970) demonstrated that in maize mitochondria, the addition of lead followed by the addition of phosphate resulted in fewer enzymatic inhibitions than produced by lead alone, presumably the result of lead phosphate precipitation. Monahan (1973) found that cetJs of a green alga that were phosphate sufficient were less susceptible to lead than cells which had no stored phosphate. Similar results have been reported by Sicko-Goad and Stoermer (1979) , who found that lead was incorporated in polyphosphate bodies. Studies of metal incorporation into polyphosphate bodies have been elaborated by Jensen and his coworkers (Jensen el aL 1982; Baxter and Jensen 1980a, I980b; Rachiin et al. 1984) who found that a variety of metals could be incorporated into polyphosphate and consequently be removed from active metabolic processes.
The importance of the synergistic effects of nu-trient sufficiency in mitigating toxic metal effects has not been studied extensively. In the Laurentian Great Lakes, the two nutrients which most commonly limit diatom growth are phosphorus and silica. In order to understand the synergistic effects of nutrient availability on metal toxicity, experiments were conducted in which a natural phytoplankton assemblage was exposed to low level doses of lead over a period of 48 hours. The assemblage was spiked with phosphate and silica to levels which are optimal for growth in the lake and then exposed to lead. The quantitative ultrastructural effects of both the nutrients and the metal lead on the naturally occurring diatom Cyclotella sp. are presented in this paper.
Materials and Methods
Nearshore water of Lake Michigan was collected in Niskin bottles from a depth of 2-4 m at a station approximately one mile west of Grand Haven. Michigan on 12 September 1981. The water samples were pooled and stored in a precleaned, acidwashed opaque carboy and held at 20.5~ which was the water temperature at collection, until the sample was returned to the laboratory that evening. The sample was stored in a growth chamber overnight at the collection temperature, then subsequently divided into eight 2-L flasks. Nutrients and lead were then added according to the treatment schedule in Table 1 . Samples were withdrawn for chemical analysis at 0, 2, 6. and 48 hr with the time 0 samples withdrawn immediately after the addition of nutrients. Samples for electron microscopy were withdrawn at 2 and 48 hr. The treatment flasks were placed on a rotary shaker table in a growth chamber set at 20.5~ 14:10 day/night cycle, and a light intensity of 200 p, ein/m-2/sec -t. Samples for chemical analyses were filtered through 25 mm HA Millipore filters which were previously soaked and rinsed several times with distilled deionized water. Filter blanks were analyzed to insure that no nutrients were added by the use of filters. Nutrient analyses were made on filtered samples with a Technicon AutoAnalyzer 1I equipped to measure five nutrients simultaneously--nitrate plus nitrite nitrogen, ammonia nitrogen, soluble reactive silica, chloride, and soluble reactive phosphorus. All methods of chemical analyses were those previously used by Schelske et al. (1972 Schelske et al. ( , 1976 . With some modifications, these are the methods given by Davis and Simmons (1979) and Schelske et al. (1980) . Dissolved reactive silica was determined by the heteropoly blue method. In this method, silica is complexed with acidified molybdate to form a silicomolybdate complex which is reduced to an intense heteropoly blue. Oxalic acid was added prior to the reduction with ascorbic acid to destroy any phosphomolybdate. The color produced was measured at 630 nm. Data are reported as mg SiO2/L.
Nitrate was reduced with copper-hydrazine solution to nitrite at 54~ The nitrite produced and the nitrite present in the sample were determined by a diazotization-coupling reaction using sulfanilamide and N-l-napthyl-ethylene diamine. The resulting red-violet color complex was measured at 520 nm (Kamphake et al. 1967) and reported as p,g NO3-N/L. Nitrite was not analyzed separately, because quantitatively insignificant values L. Sicko-Goad et al. tonson and Brooks 1980) . Ammonia and ammonium ions were measured by conversion of ammonium ions to ammonia in a basic medium. Ammonia reacts with hypochlorite and phenol to produce an indolphenol blue color which was measured at 630 nm. The reaction was catalyzed by nitro-prusside, and EDTA was added to prevent precipitation of alkali earth metals.
Soluble reactive phosphorus was measured by formation of antimony-phosphomolybdate complex in acid medium which was reduced by ascorbic acid and measured at 880 nm. Data are reported as b~g P/L.
Chloride was determined from its reaction with mercuric thiocyanate that forms ionized but soluble mercuric chloride. The released thiocyanate in the presence of a ferric ion reacts to form a red thiocyanate complex. The resulting color was measured at 480 nm. Data are reported as mg CI/L.
For electron microscopy, paraformaldehyde, glutaraldehyde, and sodium cacodylate were added to the samples containing lake water and the phytoplankton assemblage to give a solution with final concentrations of 1% paraformaldehyde, 1% glutaraldehyde0 0.05 M sodium cacodylate, with a pH of 7.2 and an osmolality of 515 milliosmoles (Lazinsky and Sicko-Goad 1979) . Samples were post-fixed in 1% osmium tetroxide in cacodylate buffer for 1 hr at 4~ The fixed cells were dehydrated in a graded ethanol and propylene oxide series during a time period of approximately 1.5 hr and embedded in Epon (Luft 1961) .
Thin sections were cut with a diamond knife, collected on formvar coated 200 mesh copper grids and stained with aqueous uranyl acetate (Watson 1958) , Sections were examined at a standard magnification of 39,600 x in a JEOL JEM 100B electron microscope operating at 80 kV. Microscope magnification calibrations were made by use of a grating replica to determine the stability of the standard magnification. Variation was between 1 and 2%. Samples were photographed for morphometric and uttrastructural studies as previously described (Sicko-Goad et al. 1977; Sicko-Goad 1982) .
The water samples were examined for species composition and abundance. Three blue-greens (Anacystis incerta, Gomphosphaeria laeustris, Anacystis thermalis) and two diatoms (Stephanodiscus tenuis and Cw'lotella sp.) were relatively abundant in the assemblage and easily identifiable. However, the blue-green populations were somewhat abnormal in morphology, probably because the populations were waning in the lake. Consequently, the most abundant diatom, CvcloteUa sp. (Cyelotella aft. commensis) was selected for extensive morphological studies.
Statistical Methodology
The experiment was designed as a completely crossed factorial enrichment, consisting of 2 levels each of phosphorus, silica and lead sampled at 2 different time points (Table 1) . For each, Level l was the ambient lake concentration and Level 2 was a Time 0 spike.
Thirty micrographs of randomly-selected sections fiom thirty different cells were examined for each treatment. Estimates of relative volume fractions (V~) of cellular components and of numbers per unit volume (N~) of mitochondria were determined. using morphometric methods based on grid point-counting (Sicko-Goad et al. 1977; Sicko-Goad 1982) .
Derivations of some of the common morphometric relationships assume a constant test area or constant length linear probe across all samples (e.g. the derivations of V,, = A A and A A = L L in DeHoff and Rhines (1968) and Underwood (1970) , among others). However. for single-celled organisms such as Cyelotella, cell cross-sectional area (and therefore the test area, length, or point count) generally varies substantially from micrograph to micrograph, depending on where and at what angle the sampling plane intersects the cell.
Two different formulations of the Delesse principle are:
which is estimated by: and which is estimated by
Formulation (2) is equivalent to computing a weighted average of the (Ac/AT) i ratios, with weights [Wi = (Av)i/s (AT)i] based on the fraction of total points each cell cross-section contains: this formulation is also equivalent to making morphometric measurements on a single tissue montage composed of all the cel! crosssections. Formulation (1) is based on the assumption of equal sampling areas; formulation (27 has more general applicability, The two formulations reduce to the same quantity only if the assumption of equal sampling areas is valid. Formulation (2) has the limitation that it does not permit the calculation of a variance estimate. Lorenz (19777 in morphome- tric studies of the single-celled organism Chlorella. describes the "Grouping Method" for calculating variance estimates, in which subgroup means are calculated using formulation (2) and a grand mean is calculated from the subgroup means using formulation (1). In the case of Chlorella, a subgroup size n = 12 yields a grand mean with a negligibly small bias (Lorenz 1977) .
The "Grouping Method" (with number of subgroups = 3 and subgroup size = 107 is used in this paper to generate replicates for use in the statistical analyses. Grouping produces subgroup montages which all have approximately the same sampling area; therefore the assumption of equal sampling areas is approximately met when formulation (1) is applied to the subgroup means, tt should be noted that statistical analyses such as ANOVA perform a mean calculation as in formulation (17.
A four-way completely-crossed ANOVA (2St • 2P x 2T x 2Pb) was used to analyze the short-term cdluiar responses to spikes of nutrients and Pb. The cellular components determined to be of a priori interest were chloroplast V,.. mitochondria V,, mitochondria N,, storage V,,, nuclear V v, vacuole V~, and autophagic vacuole Vv; other components were analyzed to check for unpredicted effects. Treatments were judged to be significantly different at P < .05. ParalieJ univariate ANOVAs performed on data derived from the same micrographs introduce a problem with controlling cx; therefore, actual P values may be somewhat higher than those calculated in the analysis.
Since the cell and not the flask is the unit of experimental interest, replicate cells rather than replicate flasks were used to estimate the mean square error term in the ANOVA. Variability in cellular composition between flasks is in general small compared to the random variability observed among cells within flasks, due to such factors as the sampling of cells from all stages of the growth cycle and the measuring of cellular components that are in general not randomly distributed throughout the cell. However. the fraction of the total variance accounted for by random variability between replicate flasks cannot be estimated and remains unseparated from the variability contributed by nutrient and Pb enrichments.
Statistical analyses were performed with the assistance of the MIDAS and BMDP statistical packages available throagh the computing facilities at the University of Michigan.
Results
Micrographs of both untreated and treated cells (Figures 1-4) reveal that although individual cells may be found that exhibit some of the quantitative features listed below, there is no gross, readily discernible difference between treatments at such low metal levels. For example, autophagic vacuoles (AV) may be found in short-term incubations (2 hr) with no metal or nutrient additions (Figure 1 ) as well as in the treated samples (Figures 2-3) . Similarly, storage products (S) are found in all treatments (Figures 2-4) . The absence of gross ultrastructural differences by visual observation alone is quite striking.
General Descriptive Measures
The quantitative results presented in this study describe both physical and physiological compartments of the cell. For the morphological results that follow, measurements are made as relative volumes (Vv) which are the percentage of the cell volume occupied by a particular organeIle or inclusion. Number per volume (Nv) refers to the numbers of organel!es found per ixm 3 cell. 
Nutrients
Water chemistry data are presented in Table 2 . The ambient levels of PO 4 and SiO2 were 0.4 ixg/L and 0.4 mg/L respectively. With spikes of either lead or silica, the phosphate decreases to levels of less than 0.2 p,g/L within 2 hr while silica levels remain constant. In treatments where phosphate is added as a spike, the amount of available phosphorus is approximately 2 Ixg/L after six hr of incubation. The levels of chloride, silica, and nitrate are rather consistent across time and treatment showing little measurable change during the 6 hr sampling interval. Since PO 4 and SiO2 were essentially depleted at 6 hr, the 48 hr samples were not analyzed. Nutrient levels in the combination treatments were not significantly different.
Cell Morphology
The results of the m o r p h o m e t r i c study are presented in Tables 3 and 4 . The data are divided into the two sampling periods of 2 and 48 hr for ease of comparison. Although P O 4 and SiO 2 were essentially d e p l e t e d at 6 hr, the 48 hr m i c r o s c o p y samples were analyzed to determine the long-term effects on Cyclotella in the assemblage, Incubations longer than 48 hr may result in significant changes in species composition due to competition and other natural selection processes. The treatment codes are listed in the Figure legends . However, all subscripts labelled 1 are a m b i e n t lake levels whereas all subscripts labelled 2 are metal or nutrient addition t r e a t m e n t s . The data are discussed under the following categories:
Chloroplast: There was a statistically significant (P < .01) r e d u c t i o n in chloroplast relative v o l u m e from time 1 to time 2, or within a 48 hr period. In all cases, the larger decrease in chloroplast volume fraction o c c u r r e d at the a m b i e n t (lake) P level rather than in the spiked P treatment, suggesting that the long-term (after 48 hr) decrease in chloroplast volume fraction may be due at least partially 
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Storage Prod;r
There was a significant increase in storage products in the cell with both time (P < .0001) and lead (P < .05). A greater increase in storage was observed across time with added R although this trend is not statistically significant. The greatest observed percentage of storage products was found at P2 Pb2 %, N,cleus: There was a statistically significant (P < .05) increase in nuclear relative volume with added phosphorus. However, cell volume was also greater at ambient phosphorus levels, indicating that phosphorus may stimulate cell division and exptain the apparent increase in nuclear Vv.
Vacuole: There were statistically significant interactions of phosphorus-time (P < .001) and silica-lead (P < .05) on vacuole relative votume. Cells exposed to phosphorus spikes (P2) showed a large short-. term (within 2 hr) increase in vacuole volume fraction. Within 48 hr the vacuole fraction decreased to values close to those found at 2 hr with no added R At ambient phosphorus levels (P~), vacuole relative volume increased with time. This implies that adding phosphorus temporarily increases vacuole V v. It also implies that phosphorus depletion increases vacuole relative volume. At ambient silica levels there was little change in vacuole Vv with added lead. In the spiked silica treatments, there was a decrease in vacuole relative volume with added lead. The lowest vacuole Vv values were found for each phosphorus-time group in treatments with added silica and lead. The highest vacuole Vv's were found in treatments with added silica but no lead.
Autophagic Vacuole (AV):
There was a variety of significant treatment interactions for AV relative volume: SP (P < .01) and LT (P < .0001) two-way interactions, and SLP (P < .001) and SLT (P < .05) three-way interactions. At ambient lead levels, AV relative volume increased with time. Cells exposed to spikes of lead showed decreases in AV fraction with time; the largest decreases in AV fraction with time were observed in cells exposed to spikes of both lead and silica.
At ambient silica and lead levels, AV relative volumes decreased with added E Cells exposed to spikes of silica showed increases in AV fraction with added R Cells exposed to spikes of both silica and lead showed varying responses depending upon the time the cells were sampled.
The following summarizes the ANOVA factors and the significant (P < .05) effects on cellular components:
Time: There was a significant decrease in chloroplast volume from 2 to 48 hr. There was also a significant increase in storage from 2 to 48 hr.
Lead: There was a small but significant increase in storage products with added lead.
Phosphorus: There was a significant increase in nuclear relative volume with added phosphorus.
Silica-Phosphorus Interaction:
Mitochondrial relative volume showed little change from 2 to 48 hr at ambient P and silica levels. Cells exposed to ambient P conditions but with added silica showed an increase in mitochondrial Nv.
Phosphorus-Time Interaction: Cells exposed to ambient P levels showed a large increase in mito- Vacuole relative volume also increased from 2 to 48 hr under ambient P conditions. A decrease in vacuole relative volume across time was observed in P2 treatments.
Silica-Lead Interaction:
There was little change in vacuole relative volume with added lead at ambient silica levels. However, there was a significant decrease in the vacuole fraction with added lead in the presence of added silica, Silica-lead-time silica-lead-phosphorus interactions result in changes in the autophagic vacuole category.
Discussion
Previous reports have demonstrated that metals may be found as deposits in certain organelles (Silverberg 1976; Stuve and Galle 1970; Fujita et al. 1977; Daniel and Chamberlain 1981; Skaar et at. 1973; Choie and Richter 1972; Moore and Goyer 1974; Jensen et al. 1982; Jensen 1980a, 1980b; Rachlin et al. I984) , or they may exert cytological effects without forming distinct deposits (Sicko-Goad and Stoermer 1979; Sicko-Goad 1982; Smith 1983; Canterford 1980; Saboski 1977; Rachlin et al. 1982 Rachlin et al. , 1984 Rachlin et al. , 1985 . Many of the cytological changes that accompany heavy metal exposure are the result of damage to or alterations in membrane structure, producing swollen organdies or other osmotic disruptions (Sicko-Goad 1982; Smith !983) .
Some of the cytological modifications that have been reported to occur as a result of heavy metal exposure also occurred in Cyctoteila, but it is apparent that the effects in some cases were mediated by the addition of low levels of nutrients. For example, chloroplast relative volume decreased both at 2 and 48 hr in the presence of lead at ambient phosphorus levels. However, this reduction trend by lead was reversed with the addition of phosphorus. An example of a consistent trend in our data set is the increase in storage product volume with lead exposure across all treatment regimes.
The task of determining either synergistic or antagonistic interactions between toxicants and algae in their native environment is difficult, as is evidenced by our data. Environmental factors, such as chelation and binding, pH, ionic interactions and temperature, which may be instrumental in altering the availability of free metal ions to cells, may also affect the physiological status of the cell, making data interpretation difficult, if not impossible, when changing more than one experimental variable.
Although data interpretation is more difficult in factorial design experiments, they do approximate the natural environment more closely where a variety of parameters may be changing simultaneously. Arguments similar to those developed by Thomas et al. (1980a) and Hollibaugh et al. (1980) also hold for studying the effect of nutrient conditioning on metal toxicity. The most obvious argument for conducting factorial design experiments is the fact that discharges of industrial wastes are usually complex mixtures (Harding and Whitton 1976; Vivian and Massie 1977) . Hence, assemblages are not normally exposed to a single metal ion without other metals or nutrients. Similarly, a mixture of metals may exert different effects on a phytoplankton assemblage (assuming that the composition of the assemblage is identical or similar) because the different populations that comprise the community may not be growing optimally and some life cycle stages are more susceptible to toxicants (Rabsch and Elbr~ichter 1980) .
The rationale for selecting phosphorus and silica as nutrient additions in our experiment was based on the fact that both of these nutrients most often limit phytoplankton growth in the Great Lakes. The assemblage was collected in September, long after spring turnover and the silica maximum in the water column. Both nutrients were added to obtain concentrations that can be found in the Great Lakes at other times of the year, yet they are nowhere near the levels found in culture medium.
The nature of the synergistic effects of nutrients and heavy metals on phytoplankton is not known with certainty. Morel et al. (1978) have speculated that one of the targets of copper in diatoms is silicon metabolism and they have reported a decrease in copper toxicity in the presence of high silica concentrations. Thomas et al. (1980b) found that silicon metabolism was adversely affected by copper, zinc, and germanium. Similarly, Sicko-Goad and Stoermer (1979) found that copper prevented the formation of polyphosphate bodies in a diatom and speculated that the target of copper toxicity was the phosphate uptake mechanism. Conway (1978) found that phosphate and silicate utilization by Asterionella was initially enhanced in cells treated with cadmium. This enhancement was noted prior to the cessation of growth and he speculated that there was a breakdown in the phosphate and silicate permease transport systems. It is probably reasonable to suspect that cells that are nutrient sufficient (with respect to the above examples) would be less susceptible to the toxicity effects of the metals.
It is an impossible task to simulate the natural environment with any degree of reproducibility. It is also an impossible task to determine with absolute certainty the cause-effect relationships of metals on natural phytoplankton species. While selective inhibition of phytoplankton species in a natural assemblage may be detected by changes in community composition and structure (Jennings 1979; Mosser et al. 1972) , it is difficult to separate species effects at sub-lethal doses. Wong and Beaver (1980) suggested that extra caution be taken in the interpretation of toxic threshold assays with natural populations due to algal interactions such as competition, extraceUular products, and nutrient competition. We would extend this caution further, because environmental factors that may change the availability of metals may also change the physiological state of the cells, which may either amplify or mitigate the metal effect.
